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Background: The purpose of this study was to screen various drug delivery systems for 
improving the aqueous solubility and oral bioavailability of sildenafil. Three representative 
techniques, solid self-nanoemulsifying drug delivery systems (SNEDDS), amorphous micro-
spheres and crystalline microspheres, were compared.
Methods: Both microspheres systems contained sildenafil:Labrasol:PVP at a weight ratio of 
1:1:6. The amorphous microspheres were manufactured using ethanol, while crystalline 
microspheres were generated using distilled water. Liquid SNEDDS was composed of 
sildenafil:Labrasol:Transcutol HP:Captex 300 in the ratio of 1:70:15:15 (w:w:w:w). The 
solidification process in SNEDDS was performed using HDK N20 Pharma as a solid carrier.
Results: The amorphous microspheres appeared spherical with significantly decreased 
particle size compared to the drug powder. The crystalline microspheres exhibited a rough 
surface with no major particle-size difference compared with sildenafil powder, indicating 
that the hydrophilic excipients adhered to the sildenafil crystal. Solid SNEDDS presented 
a smooth surface, assuming that the oily liquid was adsorbed to the porous solid carrier. 
According to the physicochemical evaluation, the crystalline state maintained in crystalline 
microspheres, whereas the crystal state changed to amorphous state in other formulations. 
Amorphous microspheres, crystalline microspheres and solid SNEDDS produced about 79, 
55, 82-fold increased solubility, compared to drug powder. Moreover, the prepared formula-
tions provided a higher dissolution rate (%) and plasma concentration than did the drug 
powder (performance order; solid SNEDDS ≥ amorphous microspheres ≥ crystalline micro-
spheres > drug powder). Among the formulations, solid SNEDDS demonstrated the highest 
improvement in oral bioavailability (AUC; 1508.78 ± 343.95 h·ng/mL).
Conclusion: Therefore, solid SNEDDS could be recommended as an oral dosage form for 
enhancing the oral bioavailability of sildenafil.
Keywords: sildenafil, amorphous microspheres, crystalline microspheres, solid self- 
nanoemulsifying drug delivery system, aqueous microenvironment, oral bioavailability

Introduction
Sildenafil reversibly inhibits the phosphodiesterase-5 enzyme and is clinically used 
for the treatment of erectile dysfunction.1 Moreover, sildenafil induces pulmonary 
vasodilation and promotes gas exchange in the lung; and hence, it has been 
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prescribed to patients with pulmonary arterial 
hypertension.2,3 Sildenafil possesses inadequate aqueous 
solubility. It is reported that drugs with low aqueous solu-
bility are precipitated when in contact with gastrointestinal 
fluid. The precipitated drugs hardly permeate intestinal 
lumen, resulting in poor oral bioavailability.4,5 The citrate 
form has been the most common technique to enhance the 
solubility of sildenafil.6–8 However, salt forms lack lipo-
philic properties, reducing permeability through the gas-
trointestinal membrane, thereby decreasing oral 
bioavailability.9 Therefore, in the present study, various 
drug delivery techniques other than salt formation were 
studied for improving the aqueous solubility and oral 
bioavailability of sildenafil.

Developing microspheres is one of the representative 
solubilising technologies.10,11 In the microspheres system, 
poorly water-soluble drugs are disseminated in hydrophilic 
excipients giving spherical shape with micrometre size.12 

Microspheres are produced by utilising various methods 
such as spray-drying and hot melt extrusion.13,14 The for-
mer method is prepared by dissolving/suspending drugs 
and ingredients in proper solvent.15 Depending on the type 
of solvent, microspheres system can be classified into 
amorphous and crystalline system. In amorphous systems, 
drugs and carriers are completely dissolved in organic 
solvents and spray-dried. As a result, the physicochemical 
properties of the drug were changed, thereby the oral 
bioavailability increased.16 In contrast, crystalline systems 
are generated using distilled water as a solvent. The use of 
distilled water allows free from the residual organic sol-
vent issue. Furthermore, improved oral bioavailability of 
the drug was achieved without alteration of physicochem-
ical properties.17,18

Self-nanoemulsifying drug delivery systems 
(SNEDDS) are composed of oil, surfactant and co- 
surfactant.19,20 When water penetrates drug-loaded 
SNEDDS, oil-in-water (o/w) nanoemulsions are naturally 
created. These nano-sized emulsions have a large surface 
area in contact with water, which increases the solubility 
of the drug. Likewise, o/w nanoemulsion is formed in the 
gastrointestinal (GI) tract, when drug-loaded SNEDDS is 
mixed with GI fluid. Furthermore, oil exerts permeation 
enhancement, resulting in increased absorption in the GI 
tract.21–23 To improve convenience and stability, porous 
inorganic carriers are usually added and spray dried for 
producing solid SNEDDS.24 For these reasons, solid 
SNEDDS has been widely studied for improving oral 
bioavailability of poorly water-soluble drugs, these days.

Recently, amorphous microspheres, crystalline micro-
spheres and solid SNEDDS are three representative drug 
delivery systems for improving the oral bioavailability of 
poorly water-soluble drugs. Therefore, in order to 
increase the aqueous solubility and oral bioavailability 
of sildenafil the most, those three representative techni-
ques must be compared. Additionally, this is the first 
study that has compared microspheres and solid 
SNEDDS in order to improve the oral bioavailability of 
sildenafil, till date. Spray-dryer was used to fabricate each 
drug delivery system. Spray-drying was chosen due to its 
widespread use in pharmaceutical industry and labora-
tory-scale experiments.25–27 Compared to other techni-
ques, such as supercritical fluid-based approach or 
microfluidics, spray-dryer has several advantages includ-
ing continuous mode of operation, reproducibility and 
low production cost.28–30 Amorphous microspheres, crys-
talline microspheres and solid SNEDDS were compared 
according to aqueous solubility, dissolution profile and 
physicochemical properties. The schematic design of 
this study is illustrated in Figure 1. Each physicochemical 
property was expected to induce different solubilising 
mechanisms and aqueous microenvironments.31 These 
differences resulted in performance order in aqueous 
solubility, according to the previous studies.32 Moreover, 
pharmacokinetic studies in rats were conducted to com-
pare the oral bioavailability of sildenafil among amor-
phous microspheres, crystalline microspheres, solid 
SNEDDS and drug powder. Finally, a drug delivery sys-
tem exhibiting the highest oral bioavailability of sildenafil 
was selected.

Materials and Methods
Materials
Sildenafil (base) was supplied by Huons Pharm. Co. 
(Ansan, South Korea). Polyvinylpyrrolidone (PVP, K30), 
Solutol HS15 and Cremophor EL were purchased from 
BASF (Ludwigshafen, Germany). Dextran, polyvinyl alco-
hol (PVA), hydroxypropyl methylcellulose 2910 (HPMC), 
pyrogenic silica (HDK N20 Pharma), hydroxypropyl cel-
lulose low viscosity (HPC-L), carboxymethyl cellulose 
sodium (Na-CMC), poloxamer 188, PEG 4000 and hydro-
xypropyl beta-cyclodextrin (HP-β-CD) were kindly 
offered from Hanmi Pharm. Co. (Suwon, South Korea). 
Soybean oil, sorbitan monooleate (Span 80), olive oil, 
polysorbate (Tween 80) and corn oil were provided by 
Daejung Chem. Co. (Siheugn, South Korea). Peceol, 
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Capryol 90 (propylene glycol monocaprylate), Plurol dii-
sosterarique, Labrafil M2125CS, Transcutol HP, 
Lauroglycol FCC and Labrasol were acquired from 
Gattefosse (Saint-Priest Cedex, France). Medium-chain 
triglycerides (Captex 300) were purchased from Abitec 
(Columbus, OH, USA). Mineral oil and linseed oil were 
obtained from Samchun Chemical Co. (Pyeongtaek, South 
Korea). Gelatin and sesame oil were purchased from Wako 
Chemicals Co. (Tokyo, Japan). All other chemicals and 
solvents were of reagent grade; they were used with or 
without further purification.

Animals
Male Sprague-Dawley (SD) rats weighing 300 ± 20 g were 
supplied by Orient Bio (Sungnam, South Korea). All 
healthy rats were stored in animal cages at 25–27 °C and 
55 ± 5% relative humidity during the whole process. The 
SD rats were fasted for 12 h; however, they were allowed 
free access to water before drug administration and phar-
macokinetic handling. The entire animal care and pro-
cesses for the animal studies were conducted according 
to the NIH Policy. Additionally, the protocols of pharma-
cokinetic studies were accepted by the Institutional 
Animal Care and Use Committee (IACUC) at Hanyang 
University.

Aqueous Solubility of Sildenafil
Approximately 100 mg of sildenafil (to reach 
a supersaturated state) was added to 1 mL of 1% (w/v) 
hydrophilic polymer aqueous solution (PVP, Na-CMC, 
gelatin, PVA, HP-β-CD, HPC-L HPMC and dextran), 5% 
(w/v) surfactant aqueous solution (Tween 80, Span 80, 
Cremophor EL, Labrafil M2125CS, Solutol HS15, Plurol 
diisosterarique Capryol 90, Lauroglycol FCC, poloxamer 
188, PEG 4000, Transcutol HP and Labrasol), and pure oil 
(mineral oil, soybean oil, corn oil, olive oil, linseed oil and 
Captex 300) to perform the solubility test. After 5 min of 
vortex-mixing, the samples were placed in a shaking water 
bath (Daihan Scientific, Wonju, South Korea) for 5 days 
(25 °C and shaking speed of 100 rpm) to generate 
a supersaturated state. Three days later, the samples were 
centrifuged (10,000 × g for 15 min) using a 5430R cen-
trifuge (Eppendorf, Hamburg, Germany). Next, the super-
natant was filtered (0.45 μm, nylon) and diluted with the 
mobile phase for analysing sildenafil by utilising a high- 
performance liquid chromatography (HPLC) system 
(Agilent 1260 Infinity, Agilent Technologies, Santa Clara, 
CA, USA). The HPLC system was arrayed with the 

Agilent Chem Station software, G1311C 1260 Quat 
Pump and G1314B 1260 VWD VL detector. The mobile 
phase, column and gradient methods used were consistent 
with those used in previous studies.20

Development of Sildenafil-Loaded 
Amorphous Microspheres and Crystalline 
Microspheres
According to the aqueous solubility tests, suitable polymer 
and surfactant were chosen. Sildenafil-loaded amorphous 
microspheres were manufactured by mixing numerous 
ratios of polymer, surfactant and sildenafil in ethanol. 
The experimental plan of formulations is shown in Table 
S1. The resultant clear solution was introduced into 
a Büchi mini spray dryer and continuously pushed to the 
pneumatic nozzle (0.7 mm diameter) by employing 
a peristaltic pump at a flow rate of 5.4 mL/min. The inlet 
temperature was set at 90 °C and the outlet temperature 
was maintained at 60–70 °C. The aspirator was fixed at 
100% and the pressure of the spraying air was 4 kg/cm2. 
To optimise the ratio of polymer, surfactant and sildenafil, 
solubility and dissolution tests were performed. After 
selecting the configuration of amorphous microspheres, 
the solvent was changed from ethanol to distilled water 
to manufacture the crystalline microspheres. Then, the 
resultant suspension was spray dried while continuously 
stirring using a magnetic bar (500 rpm). The inlet tem-
perature was maintained at 140 °C and the outlet tempera-
ture was set at 80–90 °C. The pneumatic nozzle, pump 
rate, aspirator value and spraying air pressure were con-
sistent with the preparation conditions of the amorphous 
microspheres.

Fabrication of Sildenafil-Loaded Solid 
SNEDDS
The composition of liquid SNEDDS was selected on the 
basis of an aqueous solubility test. Afterwards, numerous 
ratios of oil, surfactant and co-surfactant were combined to 
create liquid SNEDDS formulations. The formulations 
containing various mixtures of oil, surfactant and co- 
surfactant were plotted in ternary-phase diagram (Figure 
S1). Furthermore, their dispersion in water was visually 
evaluated. Additionally, the nanoemulsion droplet size was 
assessed only for the formulations providing excellent 
nanoemulsifying ability (achieving the visual standard of 
the preceding experiment). The nanoemulsion droplet size 
was analysed via a Zetasizer Nano ZS (Malvern 
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Instruments, Worcestershire, UK). Among the formula-
tions, the liquid SNEDDS with the smallest emulsion 
droplet size was selected. Next, sildenafil was incorporated 
into the chosen liquid SNEDDS and highly porous inor-
ganic materials with large specific surface areas (500 mg) 
were added for solidification. The suspension flowed 
through a pneumatic nozzle of 0.7 mm diameter in 
a Büchi mini spray dryer (B-290; Flawil, Switzerland) at 
a flow rate of 5.0 mL/min. The inlet temperature was set at 
130 °C and the outlet temperature was maintained at 80 
°C. The aspirator was set at 90% and the pressure of the 
spraying air was 4 kg/cm2. During the entire spray-drying 
process, the suspension was continuously stirred (500 rpm) 
using a magnetic bar to maintain a stable suspension state.

Physicochemical Properties of Various 
Sildenafil-Loaded Drug Delivery Sytems
Surface Morphological Features
The shape and surface of the samples were examined by 
employing an S-4800 scanning electron microscope 
(Hitachi; Tokyo, Japan). Double-sided adhesive tape was 
utilized to fix the samples. To render the sample electri-
cally conductive, a platinum coating (4 min at 15 mA) was 

applied by utilising the EmiTeck Sputter Coater (K575 K) 
at a speed of 6 nm/min under vacuum (0.8 Pa).

Particle-Size Distribution
Particle-size analysis was carried out using Mastersizer 
3000 (Malvern, Worcestershire, UK). The instrument was 
optimised under the following conditions: air pressure, 1 
bar; feed rate, 50%; gab, 1.

Thermal Analysis
The thermal analysis was conducted via a differential 
scanning calorimetry (DSC Q200; TA Instruments, New 
Castle, DE, USA). Each sample (approximately 5 mg) was 
placed in standard aluminium pans and dry nitrogen was 
employed as the effluent gas. All samples were scanned at 
a temperature ramp speed of 10 °C/min and heat flow from 
0 to 300 °C.

Solid-State Characterisation
X-ray powder scattering measurements were performed by 
means of an X-ray diffractometer (D/MAX-2500, Rigaku, 
Japan) at room temperature. Monochromatic Cu Kα radia-
tion (λ = 1.54178 Å) was used at 100 mA and 40 kV. An 

Figure 1 Schematic design of this study.

https://doi.org/10.2147/IJN.S324206                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 5800

Kim et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


angular increment of 0.02° per second was selected over 
a range of 2θ angles from 3° to 50°.

Dissolution Test
Dissolution profiles of sildenafil-loaded amorphous micro-
spheres, crystalline microspheres, solid SNEDDS and the 
drug powder (equivalent to 10 mg of sildenafil) were 
investigated using Vision Classic 6 (Hanson Research 
Co.; Los Angeles, CA, USA). USP apparatus II (paddle 
method) was utilised. The dissolution medium was 
900 mL of distilled water and the temperature was main-
tained at 37 ± 0.5 °C. The speed of the paddle was set to 
50 rpm. At specific time intervals (0, 5, 10, 15, 30 and 45 
min), an aliquot (3 mL) of the sample was collected, 
filtered through a 0.45 µm nylon syringe filter and assayed 
for the content of sildenafil by employing HPLC, as 
described above.

Pharmacokinetic Study
Twenty-four rats were non-selectively divided into four 
groups (each group consisted of six rats). After the anaes-
thesia process, the femoral artery of the rats was inserted with 
a surgical tube and fixed on a surgical board. Before surgery, 
heparin (50 IU/mL) was prepared to coat the inside of the 
polyethylene tube. The sildenafil-loaded amorphous micro-
spheres, crystalline microspheres, solid SNEDDS and the 
drug powder were placed in a #9 gelatin capsule and admi-
nistered orally at a dose of 20 mg/kg. Plasma samples (300 
µL) were collected at predetermined time points via the 
cannulated tube. After centrifuging the sample at 20,000 
g for 10 min, the supernatant (100 µL) was separated. The 
protein precipitation method was applied while using reva-
prazan as an internal standard. Finally, the amount of silde-
nafil was analysed through HPLC.

Statistical Analysis
Statistically significant difference was confirmed by the 
Student’s t-test (for a pair of groups) and one-way 
ANOVA followed by Tukey’s post hoc test (for more 
than two groups). For the statistical calculation, SPSS 
Version 26 (IBM, Armonk, NY, USA) was utilised. 
A p-value of <0.05 was considered significant.33

Results and Discussion
Development of Sildenafil-Loaded 
Microspheres
Among the investigated ingredients, PVP and Labrasol 
were selected as a proper polymer and surfactant, 

respectively, due to their high solubility as shown in 
Figure S2-A and B. Afterwards, various amorphous micro-
spheres were prepared (Table S1). To determine the opti-
mal weight ratio of the drug, PVP and Labrasol, aqueous 
solubility and dissolution test were carried out as shown in 
Figure S3-A and B. As a result, the optimised amorphous 
microspheres were composed of PVP/ Labrasol/drug at the 
weight ratio of 6/1/1, showing the highest solubility and 
dissolution rate (%). The same configuration selected in 
the amorphous microspheres was utilised in the crystalline 
microspheres; however, this drug delivery system was 
produced using distilled water instead of an organic sol-
vent. The final compositions of amorphous and crystalline 
microspheres are presented in Table 1.

Fabrication of Sildenafil-Loaded Solid 
SNEDDS
In this study, ingredients that maximise drug solubility were 
selected as components of SNEDDS, according to the pre-
viously published studies.20,31 The drug showed the highest 
solubility in Captex 300 among the oil stocks (Figure S4). 
Furthermore, Labrasol and Transcutol significantly 
increased the solubility of the drug, compared to others. 
Therefore, Captex 300, Labrasol and Transcutol were 
selected. The appropriate ratio of Captex 300, Labrasol 
and Transcutol was determined by the nanoemulsion- 
inducing ability and nanoemulsion droplet size, established 
in the previous methods.34,35 In the absence of sildenafil, the 
nanoemulsifying capability of liquid SNEDDS in water was 
evaluated along with visual standards as shown in 
Figure 2A. Among the formulations with superior self- 
nanoemulsifying ability, emulsion droplet size of each 
drug delivery system was investigated (Figure 2B and C). 
As a result, the liquid SNEDDS composed of Labrasol, 
Transcutol HP and Captex 300 at a weight ratio of 70/15/ 
15% was chosen, generating the smallest droplet size (150.3 

Table 1 Composition of Sildenafil-Loaded Amorphous and 
Crystalline Microspheres

Formulations Amorphous 
Microspheres

Crystalline 
Microspheres

Sildenafil (g) 1 1
PVP (g) 6 6

Labrasol (g) 1 1

Ethanol (mL) 200 0
Distilled water 

(mL)

0 200
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± 2.7 nm). The small-sized nanoemulsion has better solubi-
lising capability than large-sized nanoemulsion, due to the 
increased surface area in contact with water. Additionally, 
nanoemulsion with fine droplet size possesses wide range of 
drug loading capacity and excellent biocompatibility. For 
this reason, SNEDDS with small droplet is usually 
preferred.36,37 Subsequently, sildenafil was loaded into the 
liquid SNEDDS. A spray-drying technique was utilised for 

solidifying liquid SNEDDS. It is crucial to convert liquid 
form into solid form, since liquid SNEDDS has several 
drawbacks. Generally, liquid SNEDDS is encapsulated in 
soft gelatin capsules and these are susceptible to humidity. 
In addition, incompatibility issues between gelatin shell and 
liquid SNEDDS might occur in the soft capsules. For those 
reasons, there are many studies solidifying liquid SNEDDS 
using spray dryer.38,39 In this study, HDK N20 Pharma was 
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Figure 2 Composition of liquid SNEDDS: (A) Ternary phase diagram; (B) Effect of Captex 300 concentration on the emulsion droplet size; (C) Effect of Transcutol HP 
concentration on the emulsion droplet size. Each value represents the mean ± S.D. *Indicates p < 0.05 when compared with 80/20, 75/25 and 70/30. #Indicates p < 0.05 
when compared with 75/10/15, 65/20/15 and 60/25/15.
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chosen as a solid carrier, due to its porous surface and high 
BET value (175–225 m2/g).40,41 The sildenafil-loaded liquid 
SNEDDS was dispersed in water and HDK N20 Pharma 
was suspended. Consequently, the suspension was spray 
dried to manufacture sildenafil-loaded solid SNEDDS. To 
fabricate free-flowing powder, 500 mg of HDK N20 
Pharma was required in order to absorb 1000 mg of liquid 
SNEDDS.

Surface Morphological Features and 
Particle-Size Distribution
The surface morphological features were confirmed 
through a scanning electron microscope (SEM). 
Sildenafil exhibited irregular and oblong shape, assuming 
a crystalline solid form (Figure 3A). Amorphous micro-
spheres appeared as small spherical particles clustered 
together (Figure 3B). Compared to the drug powder, 
decreased particle size was observed in amorphous 

microspheres. Nonetheless, the SEM image of the crystal-
line microspheres indicated that the crystalline drug 
adhered to hydrophilic excipients, such as PVP and 
Labrasol (Figure 3C). Unlike the amorphous microspheres, 
the crystalline microspheres presented no significant parti-
cle size reduction, compared to the drug powder. However, 
the external region of the drug consisted of hydrophilic 
ingredients, which led to the production of an uneven 
surface in crystalline microspheres. Furthermore, irregular 
spherules with smooth surfaces were scattered in the solid 
SNEDDS (Figure 3D). HDK N20 Pharma is well reported 
to exhibit a highly porous surface and rough 
appearance.42,43 During the solidification process, oily 
liquid covered the porous surface of HDK N20 Pharma, 
resulting in the creation of a smooth surface. The particle- 
size distribution results are presented in Figure 4. The 
portions of particles with diameters below D50 are 50%. 
In general, the value of D50 indicates the median diameter. 

Figure 3 Scanning electron micrographs: (A) Sildenafil powder (× 3000); (B) Amorphous microspheres (× 3000); (C) Crystalline microspheres (× 2000); and (D) Solid 
SNEDDS (× 3000).
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The drug powder gave an average size of 26.6 ± 0.9 µm. 
In amorphous microspheres, a significant particle size 
reduction occurred (9.3 ± 1.0 µm), compared to sildenafil 
powder (p < 0.05). On the other hand, the crystalline 
microspheres exhibited a particle size of 27.8 ± 1.5 µm, 
similar to the particle size for the drug powder. The ten-
dency of the particle-size analysis was consistent with the 
SEM results. The drug and ingredients were completely 
dissolved in ethanol and spray dried, leading to a decrease 
in particle size in the amorphous microspheres. In the 
preparation of crystalline microspheres, PVP and 
Labrasol were dissolved; however, hydrophobic sildenafil 
was undissolved in distilled water and the aqueous suspen-
sion was spray dried. Thus, the dissolved spray-dried 
hydrophilic excipients were attached to the undissolved 
spray-dried sildenafil, resulting in no significant change 
in particle size compared to the drug powder. In solid 
SNEDDS, the drug was completely dissolved in liquid 
SNEDDS before the solidifying process. Hence, the 

particle size of solid SNEDDS (10.4 ± 0.4 µm) was similar 
to that of amorphous microspheres; however, it was con-
siderably reduced compared to pure drug powder.

Thermal Analysis and Solid-State 
Characterisation
The outcomes of differential scanning calorimetry are 
depicted in Figure 5A. At 189 °C, a distinguishing peak 
was produced, showing crystalline characteristics; this 
result was consistent with the melting point of sildenafil. 
The correlative peak appeared in two types of physical 
mixtures. The results for the physical mixtures demon-
strated that the drug maintained its crystallinity and there 
was no significant physicochemical interaction between 
the drug and excipients. The specific peak disappeared in 
the amorphous microspheres and solid SNEDDS. In con-
trast to the amorphous microspheres, a small endothermic 
peak was observed in crystalline microspheres, 
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Figure 4 Particle-size distribution of sildenafil and prepared formulations.
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corresponding to the melting point of sildenafil. The 
results of X-ray diffraction are depicted in Figure 5B. 
Several representative peaks are shown over a range of 
diffraction angles in sildenafil, indicating crystalline 
characteristics. Both physical mixtures exhibited similar 
peak patterns, similar to that of the drug powder. 
Conserving the designated peak pattern indicated that 
the drug presented good compatibility with the ingredi-
ents. The unique pattern was not observed in amorphous 
microspheres or solid SNEDDS. However, a peak pattern 
was detected for the crystalline microspheres, analogous 
to the sildenafil powder. Based on the thermal analysis 
and solid-state characterisation, the crystal form of silde-
nafil changed to an amorphous form in amorphous micro-
spheres and solid SNEDDS, while it was preserved in the 
crystalline microspheres. As the drug was completely 
dissolved in ethanol or liquid SNEDDS, the physico-
chemical characteristics were altered in the amorphous 
microspheres and solid SNEDDS. Nevertheless, sildenafil 

was not dissolved but was suspended in distilled water 
for preserving the crystalline characteristics in the crys-
talline microspheres.

Aqueous Solubility and Dissolution 
Profile of Prepared Sildenafil-Loaded 
Formulations
Aqueous solubility results are presented in Figure 6. All 
three formulations showed significantly increased solubi-
lity compared to the drug powder (p < 0.05). Compared to 
the drug powder, amorphous microspheres, crystalline 
microspheres and solid SNEDDS enhanced sildenafil solu-
bility by 79, 55 and 82 times, respectively. Additionally, 
amorphous microspheres and solid SNEDDS demon-
strated highly improved solubility compared with crystal-
line microspheres (p < 0.05). Solid SNEDDS showed the 
highest aqueous solubility among the formulations, 
although there were no significant differences between 

Figure 5 Differential scanning calorimetry thermograms (A) and X-ray diffractometer results (B).
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solid SNEDDS and amorphous microspheres. The dissolu-
tion profile reflected the trend in aqueous solubility results 
(Figure 7). All of the manufactured drug delivery systems 
produced an enhanced dissolution rate (%) compared to 
the drug powder at every sampling time (p < 0.05). Solid 
SNEDDS presented superior dissolution rate (%) to other 
formulations. Both solid SNEDDS and amorphous micro-
spheres gave a significantly improved dissolution rate (%) 
at 45 min, compared with crystalline microspheres (drug 
powder; 8.4 ± 1.3%, amorphous microspheres; 74.3 ± 
0.9%, crystalline microspheres; 45.9 ± 1.3%, solid 
SNEDDS; 76.6 ± 6.0%) (p < 0.05). Those results can be 
explained by the fact that three different aqueous micro-
environments in each formulation resulted increased solu-
bility and dissolution. In crystalline microspheres, the 
creation of hydrophilic microenvironment on the surface 
of a hydrophobic drug was a crucial factor for enhancing 
the aqueous solubility. When the water contacted with the 
surface of the formulation, PVP and Labrasol rapidly 
leached out, forming aqueous microenvironment on the 
drug surface. In this microenvironment, which was not 
observed in a simple blend of drug and hydrophilic 

excipients, the drug was instantaneously super-saturated, 
and the solubility highly increased. In amorphous micro-
spheres, particle size reduced and crystal form changed to 
amorphous form. The reduced particle size resulted 
increased surface area of amorphous microspheres in con-
tact with water. Consequently, the increased surface area 
promoted the drug to immediately hydrate in water, pre-
venting aggregation and leading improved aqueous solu-
bility. In addition, it is well reported that amorphous state 
possesses higher free energy than crystal state. This excess 
free energy in amorphous microspheres provided an 
energy advantage when the drug dissolved in water. 
Furthermore, the polymer (PVP) in amorphous micro-
spheres prevented the drug from recrystallizing and the 
surfactant (Labrasol) lowered the surface tension between 
water and the drug, producing drug-loaded polymer-based 
micelles. These mechanisms enhanced the aqueous solu-
bility of sildenafil in amorphous microspheres. In solid 
SNEDDS, crystalline form of the drug changed to amor-
phous form and particle size was considerably reduced. 
Those results are consistent with the amorphous micro-
spheres. On the other hand, different property was 

Figure 6 Comparison of amorphous microspheres, crystalline microspheres, solid SNEDDS and drug powder in aqueous solubility. *Indicates p < 0.05 when compared with 
crystalline microsphere and drug powder.
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observed in solid SNEDDS, compared to amorphous 
microspheres. When solid SNEDDS contacted water, o/w 
nanoemulsions were spontaneously formed.44 In this sys-
tem, the drug was encapsulated in the oil phase surrounded 
by hydrophilic surfactants, resulting the hydrophobic drug 
super-saturated in water. Moreover, “nano-scale” nanoe-
mulsions might possess larger surface area than “micro- 
scale” microspheres, facilitating the hydration of the drug. 
For those reasons, solid SNEDDS could exhibit relatively 
higher aqueous solubility and dissolution rate (%) than 
amorphous microspheres. Overall, sildenafil dissolved bet-
ter in water when it was converted to its amorphous form 
than when it remained crystalline. In the amorphous state 
of the drug, it is reasonable to assume that the solid 
SNEDDS is more appropriate system than amorphous 
microspheres in increasing aqueous solubility, though 
there was no significant difference between the two sys-
tems. When the three sildenafil-loaded systems were 
stored under room temperature (25 ± 1 °C) for 6 months, 
significant differences were not observed in terms of con-
tent (> 97%), solubility and dissolution profile (data not 
shown).

Pharmacokinetic Study
The plasma concentration–time profiles of sildenafil are 
shown in Figure 8. Compared with drug powder, three for-
mulations including amorphous microspheres, crystalline 
microspheres and solid SNEDDS produced significantly 
increased plasma concentrations at 0.08, 0.25, 0.5, 1.0 and 
1.5 h (p < 0.05). Amorphous microspheres and solid SNEDDS 
generated significantly increased plasma concentrations com-
pared to the crystalline microspheres at 0.08, 0.25, 0.5 and 1.0 
h (p < 0.05). In addition, solid SNEDDS produced relatively 
higher plasma concentrations than amorphous microspheres 
up to 2 h. The conforming pharmacokinetic parameters in rats 
are exhibited Table 2. All the prepared formulations showed 
significantly enhanced AUC values when compared to the 
drug powder (p < 0.05). The values were ranked in the 
following order: solid SNEDDS (1508.78 ± 343.95 h·ng/ 
mL) ≥ amorphous microspheres (1339.90 ± 416.52 h·ng/ 
mL) ≥ crystalline microspheres (1042.90 ± 119.90 h·ng/mL) 
> drug powder (733.57 ± 184.15 h·ng/mL). In addition, amor-
phous microspheres and solid SNEDDS produced signifi-
cantly improved Cmax values compared with crystalline 

Figure 7 Dissolution profile of amorphous microspheres, crystalline microspheres, solid SNEDDS and drug powder.
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microspheres and the drug powder (p < 0.05); the performance 
order was as follows: solid SNEDDS ≥ amorphous micro-
spheres > crystalline microspheres > drug powder. Among the 
formulations, solid SNEDDS produced the highest increase in 
oral bioavailability, according to the AUC and Cmax values. 
However, there was no major difference in other pharmacoki-
netic parameters, such as Tmax, t1/2 and Kel, among the drug 
powder and formulations. The trend in the pharmacokinetics 
was consistent with the solubility and dissolution profiles. It 
can be inferred that the oral bioavailability of sildenafil was 
superior when the drug was in an amorphous form than when 
exposed to the hydrophilic microenvironment while retaining 
its crystalline form in the gastrointestinal tract. Comparing the 
two amorphous-form-inducing systems, solid SNEDDS had 

a relatively higher AUC and Cmax values than amorphous 
microspheres, even if they were not significantly different. 
The results indicated that relatively higher aqueous solubility 
and dissolution rate (%) of solid SNEDDS resulted in rela-
tively higher oral bioavailability than amorphous micro-
spheres. Furthermore, it is assumed that the oil phase in solid 
SNEDDS played as a permeation enhancer in the gastrointest-
inal tract, leading to slightly improved drug absorption.

Conclusion
The effects of three different aqueous microenviron-
ments on the oral bioavailability of sildenafil were eval-
uated in this study. Amorphous microspheres, crystalline 
microspheres and solid SNEDDS considerably improved 

Figure 8 Plasma concentration–time profiles of sildenafil after oral administration of amorphous microspheres, crystalline microspheres, solid SNEDDS, and drug powder. 
Each value represents the mean ± S.D. (n = 6).

Table 2 Pharmacokinetic Parameters

Parameters Drug Powder Amorphous Microspheres Crystalline Microspheres Solid SNEDDS

AUC (h·ng/mL) 733.57 ± 184.15 1339.90 ± 416.53* 1042.90 ± 119.90* 1508.78 ± 343.95*

Cmax (ng/mL) 235.00 ± 42.20 510.00 ± 94.00# 367.50 ± 27.50* 567.60 ± 98.90#

Tmax (h) 0.50 ± 0.00 0.50 ± 0.00 0.50 ± 0.00 0.50 ± 0.00

t1/2 (h) 4.30 ± 0.43 4.01 ± 0.81 3.67 ± 0.48 4.33 ± 1.72

Kel (h
−1) 0.16 ± 0.02 0.17 ± 0.06 0.19 ± 0.03 0.16 ± 0.08

Notes: Each value represents the mean ± S.D. (n = 6). *p < 0.05 compared with the drug powder. #p < 0.05 compared with the drug powder and crystalline microspheres.
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the solubility, dissolution rate (%) and oral bioavailabil-
ity of sildenafil compared to the drug powder. The 
superiority of the drug delivery systems was in the 
following order: solid SNEDDS ≥ amorphous micro-
spheres > crystalline microspheres. Solid SNEDDS 
exhibited relatively higher aqueous solubility, dissolu-
tion rate (%) and oral bioavailability than amorphous 
microspheres, although there were no significant differ-
ences between the two systems. As a result, the solid 
SNEDDS, which converts the crystalline form of the 
drug to its amorphous form via an o/w nanoemulsion, 
could be recommended for enhancing the oral bioavail-
ability of sildenafil in this research. In addition, further 
experiments should be performed, including dissolution- 
equivalent study on various pHs, stability study and 
pharmacokinetic investigation in larger animal models, 
prior to carry out clinical research.
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